Introduction {#sec1_1}
============

The renal proximal tubule (PT) is responsible for the uptake of filtered low-molecular-weight proteins (LMWPs) and peptides \[[@B1]\] such as retinol-binding protein, parathyroid hormone and insulin, which have to be reclaimed to prevent their loss in urine. These LMWPs are thought to be scavenged from the luminal fluid by a low-affinity, high-capacity, uptake system, consisting of 2 large receptors situated in the apical membrane, megalin and cubilin \[[@B2]\]. On ligand binding, the receptor-ligand complexes are internalised, via receptor-mediated endocytosis, in endosomes, which are then acidified to promote dissociation of the ligand from the receptors \[[@B3]\], and the receptors recycled to the luminal membrane.

The large amount of solute transport that occurs in the PT requires energy in the form of ATP that is generated largely by mitochondrial oxidative phosphorylation, which produces more ATP per substrate molecule than anaerobic glycolysis \[[@B4]\]. Clinically the PT is vulnerable to mitochondrial dysfunction from insults such as genetic mitochondrial cytopathy \[[@B5]\], toxic xenobiotics (e.g. anti-retroviral therapy \[[@B6],[@B7]\]) and ischaemia-reperfusion injury \[[@B8]\]. The reasons for this are unclear, but it has been demonstrated previously in isolated tubules that the PT has very little capacity for anaerobic metabolism \[[@B9]\], and we have shown recently -- using multi-photon imaging of rat kidney slices -- that mitochondrial function and the response to respiratory chain (RC) inhibition varies along the nephron \[[@B10]\]. Sub-lethal injury in the PT can cause a breakdown in normal transport processes leading to urinary losses of solutes, including LMWPs (the renal Fanconi syndrome \[[@B11]\]). The pathogenesis of the Fanconi syndrome is poorly understood, but a defect in cellular metabolism could be a unifying mechanism underlying its various aetiologies \[[@B12]\].

The exact mechanism(s) by which mitochondrial dysfunction can cause Fanconi syndrome and impaired LMWP uptake is unknown, although a number of steps in the endocytic pathway are thought to be ATP dependent. However, given the varied and important cellular roles of mitochondria apart from ATP synthesis \[[@B13]\], it is quite possible that abnormalities in mitochondrial function could affect endocytosis by non-ATP-mediated mechanisms. For example, mitochondria are significant generators of intracellular reactive oxygen species (ROS; mainly at RC complexes I and III \[[@B14]\]), which have been shown to be involved in endocytosis of membrane Na/K-ATPase in alveolar epithelial cells \[[@B15]\], and shear stress-induced fluid-phase endocytosis in vascular endothelial cells \[[@B16]\].

Opossum kidney (OK) cells are an immortalised PT cell line -- derived from the American opossum *(Didelphys virginiana)* -- that form a polarised monolayer with tight junctions and a brush border \[[@B17]\]. OK cells have been used extensively as an in vitro model of the PT epithelium, and they take up LMWPs via receptor-mediated endocytosis \[[@B18]\]; indeed, the rate of LMWP uptake is thought to be greater than in other PT-derived cell lines. The expression of megalin and cubilin in OK cells has been shown previously \[[@B19]\]. Although not technically a LMWP, albumin is typically used for protein uptake experiments in OK cells, as it is endocytosed avidly, and it is an established ligand for the megalin-cubilin system \[[@B19]\]; uptake of albumin is thought to occur in the PT in vivo \[[@B20]\]. OK cells have also been used to study the uptake of dextrans by fluid-phase endocytosis \[[@B3]\], which may also contribute to LMWP uptake in the PT. Rotenone is a well-established inhibitor of complex I of the mitochondrial RC, and it is widely used in metabolic research.

By studying the effects of RC inhibitors (including rotenone) on albumin endocytosis, on ATP levels and on ROS production in OK cells in vitro, we wanted to investigate how mitochondrial dysfunction might impair LMWP uptake in the PT.

Methods {#sec1_2}
=======

Materials {#sec2_1}
---------

Magnesium green, cytosolically targeted luciferase and mitosox were all acquired from Molecular Probes (Invitrogen, Paisley, UK). All other reagents were obtained from Sigma-Aldrich (Poole, Dorset, UK), unless otherwise stated.

Cell Culture {#sec2_2}
------------

OK cells were kindly provided by Dr. Alex Pearson (South West Thames Institute for Renal Research, Carshalton, UK). They were grown in DMEM:F12 supplemented with 5% fetal bovine serum, but without antibiotics, and passaged every 6 days. For experiments, 13-mm-diameter sterile coverslips were coated with poly-*L*-lysine for 10 min (to assist cell adhesion); this was then washed off with sterile water and the coverslips were allowed to dry. Cells were seeded onto the coverslips in 24-well plates and grown until confluent (5--6 days).

Cell Death Assay {#sec2_3}
----------------

To establish whether or not OK cells were alive after exposure to RC inhibitors for 2 h, cells were loaded with Hoechst (5 μ*M* -- excited at 720 nm) and propidium iodide (10 μ*M* -- excited at 514 nm). The former stains all cell nuclei, whereas the latter is normally excluded by an intact cell membrane, and stains the nuclei of permeablised and dead cells \[[@B21]\]. When assessing the specific toxicity of the glycolytic inhibitor 2-deoxyglucose (2-DG), pyruvate (5 m*M*) was added to the solution as a substrate for oxidative phosphorylation.

Endocytosis Assay {#sec2_4}
-----------------

FITC-labelled albumin (FA) was used as a ligand for receptor-mediated endocytosis by OK cells, as they are known to endocytose it avidly \[[@B3]\]. FITC-labelled dextran (FD) was used to investigate fluid-phase endocytosis (pinocytosis). For endocytosis experiments, OK cells were washed 4× in a HEPES-buffered solution (pH 7.4) containing (in millimol/litre): NaCl 138, KCl 5.6, NaHCO~3~ 4.2, NaH~2~PO~4~ 1.2, MgCl~2~ 1.2, CaCl~2~ 2.6, glucose 10 and HEPES 10. They were then incubated in HEPES-buffered solution (pH 7.4) containing FA (50 μg/ml) or FD (5 mg/ml) for 1 h at 37°C. The cells were then washed with 0.2 *M* acetic acid/0.5 *M* NaCl to remove any FA bound to the external cell membrane, and then subsequently 6× with ice-cold HEPES-buffered solution to remove any FA or FD in solution and to prevent further endocytosis (which is temperature-dependent). The cells were fixed with 4% para-formaldehyde for 15 min and mounted on slides with Citifluor AF1 glycerol/phosphate-buffered saline mountant (Citifluor Ltd., London, UK), and imaged with a Zeiss LSM 510 inverted confocal microscope (Carl Zeiss Ltd., Welwyn Garden City, Hertfordshire, UK). Random fields were selected using the bright field setting and a ×40 oil immersion objective; a 10-μm-deep image z-stack (with 1-μm intervals) was imaged for each field at 488 nm. The mean fluorescence signal collected for each stack was calculated with Zeiss LSM software with identical threshold values throughout.

The polarity of endocytosis in OK cells (i.e. apical versus basolateral uptake) was established by growing cells to confluence on Transwell plates (Appleton Woods, Birmingham, UK). FA was then applied to either the apical or basal side of the insert using the protocol above. Inserts were removed and mounted with Mowiol (a mountant that sets solid -- a kind gift from Dr N. Carvou, UCL, UK) and imaged according to the same protocol as above.

To investigate the effects of mitochondrial RC inhibitors on the uptake of FA or FD in OK cells, rotenone (10 μ*M*), piericidin (10 μ*M*) or cyanide (1 m*M*) (all at supra-maximal concentrations) were added to the HEPES-buffered solution at the start of the 1-hour incubation to inhibit complex I (rotenone or piericidin) or IV (cyanide) of the RC; 5 m*M* of 2-DG was used (in the presence of 5 m*M* of pyruvate) to investigate the effect of inhibiting glycolysis.

Dynamic Measurement of Intracellular ATP {#sec2_5}
----------------------------------------

Two different methods were used to measure the effects of RC inhibition on cytosolic ATP levels in real time. The first involved the use of the fluorescent indicators magnesium green and tetramethyl rhodamine methyl ester (TMRM) to provide a dual readout of changes in ATP levels and mitochondrial membrane potential (Δψ~m~) \[[@B22]\]. The principle of this measurement is that cytosolic free \[Mg^2+^\] rises as a consequence of ATP depletion. This occurs because ATP has a higher affinity for Mg^2+^ than ADP, and most Mg^2+^ in the cell is bound to ATP. Magnesium green fluorescence signal intensity changes in proportion to increases or decreases in \[Mg^2+^\] \[[@B22]\]; therefore, the fluorescence signal changes *inversely* to changes in \[ATP\]. Meanwhile, alterations in the mitochondrial retention of TMRM represent changes in Δψ~m~. Magnesium green was loaded at a concentration of 5 μ*M* with 0.01% pluronic (and 2.5 m*M* of probenecid to prevent dye extrusion by organic anion transporters \[[@B23]\]) at 20°C for 20 min. It was then washed off and the cells were incubated for a further 20 min with TMRM 50 n*M* (and verapamil 100 μ*M* to prevent efflux of the drug by multidrug resistance transporters \[[@B24]\]). At this low concentration TMRM operates in the 'linear range' (i.e. fluorescence signal is proportional to dye concentration), and dye concentration reflects the Nernstian distribution between compartments according to local potential differences. Therefore, a reduction in Δψ~m~ results in a decrease in mitochondrial specific TMRM fluorescence signal and a corresponding increase in cytosolic TMRM signal \[[@B25]\]. Magnesium green was excited at 488 nm and TMRM at 543 nm; light was collected using 505- to 530-nm band-pass and 560-nm long-pass filters, respectively. Much of the extra-nuclear volume of OK cells is filled with mitochondria; to obtain a 'cytosolic' signal for recording simultaneous changes in magnesium green and TMRM, regions of interest (ROIs) within the nuclei of cells were used for analysis.

The second method applied for measuring changes in ATP levels was a luciferin-luciferase assay; alterations in luminescence were recorded using a custom-built luminometer (Cairn Research, Faversham, Kent, UK). OK cells were tansfected with luciferase targeted to the cytosol. Cells were perfused with HEPES-buffered solution and supplemented with 50 μ*M* of luciferin (Promega Ltd., Southampton, UK). For both ATP assay methods the RC inhibitor rotenone (10 μ*M*) and the glycolysis inhibitor iodoacetic acid (IAA − 1 m*M*) were added sequentially to investigate their effects.

Measurement of ROS Production {#sec2_6}
-----------------------------

To measure mitochondrial ROS production, OK cells were loaded with the superoxide-sensitive dye mitosox (5 μ*M*), which localizes to mitochondria. The rate of increase in fluorescence signal is proportional to the rate of ROS production. The cells were incubated with the dye for 10 min at room temperature before imaging. Mitosox was excited at 543 nm and light was collected using a 560- to 615-nm band-pass filter. Images were acquired every 2 min to minimize laser-induced photo-toxicity. After a 10-min control period, the RC inhibitors rotenone (10 μ*M*), piericidin (10 μ*M*) or cyanide (1 m*M*) were added. ROIs were drawn around areas of cells with high mitochondrial density.

Electron Microscopy of OK Cell Structure {#sec2_7}
----------------------------------------

To perform electron microscopy, OK cells were grown on melinex polyester film until a confluent monolayer had been formed (5--7 days). The cells were then exposed to rotenone (10 μ*M*) in a HEPES-buffered solution (see 'Endocytosis Assay') for 1 h at 37°C. At the end of the experiment, the drug was washed off and primary fixation was performed in 1% paraformaldehyde/1.5% glutaraldehyde in phosphate-buffered solution (PBS). Following a wash with PBS, secondary fixation was performed using 1% osmium tetroxide/1.5% potassium ferricyanide in PBS. The cells were then thoroughly washed with distilled water, followed by dehydration through graded ethanol (30, 50, 70, 90 and 100%); they were infiltrated with a 50:50 mixture of 100% ethanol/epoxy resin (Lemix, TAAB Laboratories Equipment Ltd., Aldermaston, UK) and finally an overnight infiltration was performed with 100% resin.

Pieces of the melinex were then flat embedded with the cells face up in liquid resin. These were polymerized at 70°C overnight, and the melinex was then stripped away from the cells leaving them embedded in the resin. The resin blocks were trimmed down and a secondary embedding was carried out with the cells face up. Using a Reichert Ultracut E ultramicrotome, semi-thin sections were cut with glass knives and stained with toluidine blue. Ultra-thin sections were cut with a diamond knife picked up on copper grids and stained with uranyl acetate and Reynold\'s lead citrate. The grids were viewed with a Philips CM120 transmission electron microscope and digital images collected with an AMT digital camera.

Statistical Analysis {#sec2_8}
--------------------

The results are presented as means ± SEM. One-way analysis of variance was used to investigate statistical differences among the study groups. Where differences were found, individual groups were compared by an unpaired t test. A p value of \<0.05 was taken as significant.

Results {#sec1_3}
=======

Megalin-Mediated FITC-Albumin Endocytosis in OK Cells Occurs Predominantly at the Apical Border {#sec2_9}
-----------------------------------------------------------------------------------------------

OK cells form a confluent monolayer when grown in normal culture conditions: they endocytose FA when incubated at 37°C, which can be measured as a progressive increase in fluorescence signal over 1 h (fig. [1a](#F1){ref-type="fig"}). This uptake was, at least in part, mediated by the megalin receptor, as it was inhibited by receptor-associated protein, an established inhibitor of megalin-mediated endocytosis \[[@B19]\] (fig. [1b](#F1){ref-type="fig"}). To assess the polarity of FA uptake, OK cells were grown on Transwell inserts until confluent. Significantly greater uptake of FA was observed after 1 hour when FA was applied to the apical membrane than when applied to the basolateral membrane (fig. [1c](#F1){ref-type="fig"}). This is consistent with the situation in the PT in vivo, where LMWP endocytosis is thought to occur mainly at the apical membrane. From here on, endocytosis experiments were performed with OK cells grown as monolayers on coverslips, where the cell membrane exposed to ligands is predominantly apical.

RC Inhibition Does Not Cause Significant Necrosis in OK Cells {#sec2_10}
-------------------------------------------------------------

To ensure that exposure of OK cells to inhibitors of the mitochondrial RC does not result in rapid necrotic cell death within the time period of the endocytosis assay, a standard Hoechst/propidium iodide assay was performed. After 2 h (twice the length of the endocytosis assay period) the proportion of dead cells observed compared with the control (0.17% ± 0.17 per ×40 objective field, n = 5) was not significantly increased following incubation with rotenone (10 μ*M*) (2.39% ± 0.73, n = 5, p \> 0.9), cyanide (1 m*M*) (0.20% ± 0.20, n = 5, p \> 0.9) or 2-DG (5 m*M*) (1.62% ± 0.50, n = 5, p \> 0.9) (fig. [2a](#F2){ref-type="fig"}).

RC Inhibition Does Not Alter Total FITC-Albumin Uptake in OK Cells {#sec2_11}
------------------------------------------------------------------

The control fluorescence signal emitted by OK cells per ×40 objective field (assigned the value of 100%) after incubation for 1 h at 37°C with FA was reduced by a small amount by incubation with the RC inhibitors rotenone (10 μ*M*) (92.8% of control signal ± 2.4, n = 20), piericidin (10 μ*M*) (89.5% ± 2.0, n = 20) or cyanide (1 m*M*) (93.7% ± 1.8, n = 20) (fig. [2b](#F2){ref-type="fig"}), although only the results obtained with piericidin achieved statistical significance (p \< 0.05). This shows that inhibition of the RC in OK cells has little or no effect on receptor-mediated endocytosis at the apical membrane in OK cells. However, incubation with 2-DG (5 m*M*) produced a large and significant decrease in fluorescence signal (51.6% of control signal ± 1.7, n = 15, p \< 0.001), demonstrating that blockade of glycolysis in this cell model causes a far more potent inhibition of endocytosis than RC inhibition.

Cytosolic ATP Levels Are Maintained Predominantly by Anaerobic Metabolism in OK Cells {#sec2_12}
-------------------------------------------------------------------------------------

To investigate why blockade of glycolysis had a much greater inhibitory effect on FA uptake than RC inhibition, we compared the relative dependence of ATP generation on aerobic versus anaerobic metabolism in OK cells. OK cells were loaded with the fluorescent dye magnesium green; intracellular free magnesium concentration (and so the magnesium green fluorescence signal) changes inversely in response to changes in cytosolic ATP levels. The cells were simultaneously loaded with TMRM, to provide a measure of Δψ~m~, and changes in the cytosolic signal were measured to monitor the redistribution of TMRM from mitochondria to cytosol in response to falling Δψ~m.~

Inhibition of the RC with rotenone (10 μ*M*) did not change the magnesium green signal, suggesting a minimal effect on the cytosolic ATP level (fig. [3a](#F3){ref-type="fig"}). However, rotenone did cause a rise in the cytosolic TMRM signal (fig. [3a](#F3){ref-type="fig"}), consistent with depolarisation of Δψ~m~, and redistribution of the dye from the mitochondria to the cytosol. This change provided a positive control and indicated that the drug was having its expected effect (i.e. inhibiting RC activity). In response to subsequent inhibition of glycolysis with IAA (1 m*M*), the magnesium green signal increased, indicating a fall in cytosolic ATP levels. IAA caused an additional rise in the TMRM signal, consistent with further depolarization of Δψ~m~. This reflects the dependence of Δψ~m~ on the 'reverse' activity of the F~1~F~O~-ATPase, which is maintained by the hydrolysis of glycolytic ATP when the RC is blocked \[[@B26]\].

To corroborate the data obtained with magnesium green/TMRM, the effect of RC inhibition on cytosolic ATP levels was also investigated using a luciferin-luciferase assay. Addition of luciferin to OK cells transfected with luciferase targeted to the cytosol produced a large rise in luminescence, reflecting high transfection efficiency (fig. [3](#F3){ref-type="fig"}bi). Addition of rotenone (10 μ*M*) caused only a small decrease in luminescence signal to a normalised luminescence value of 0.735 ± 0.009 (where 1 = maximal signal after luciferin and 0 = zero counts, p \< 0.01) (fig. [3](#F3){ref-type="fig"}bii). Following addition of IAA (1 m*M*), the normalised luminescence fell to just 0.185 ± 0.003 (n = 11 experiments, p \< 0.01), suggesting almost complete depletion of ATP.

Taken together these results suggest that the OK cells are predominantly dependent on anaerobic glycolysis for ATP production and that RC inhibition has little effect on cytosolic ATP levels, which might explain the small effect of RC inhibition on FA uptake in OK cells.

Rotenone Alters the Pattern of FITC-Albumin Uptake in OK Cells {#sec2_13}
--------------------------------------------------------------

When imaging the uptake of FA in OK cells it was noted that while there was very little difference between the various RC inhibitors in their effect on *total* uptake, there was a marked difference in the *pattern* of uptake, particularly for rotenone. Neither piericidin (10 μ*M*), another inhibitor of complex I, nor cyanide (1 m*M*) changed the control pattern of FA uptake; however, a striking difference was observed in the presence of rotenone (10 μ*M*) (fig. [4a](#F4){ref-type="fig"}). The effects of rotenone on the pattern of FA uptake were unlikely to be due to an impairment of substrate utilization at complex I because piericidin did not have the same effect. Furthermore, bypassing the inhibition of electron flow at complex I with the addition of the complex II substrate methyl-succinate (5 m*M*) (which should restore normal RC function and ATP production) did not affect the uptake pattern observed with rotenone.

For fluid-phase endocytosis the control pattern of uptake of FD was similar to FA; the majority of FD appearing in the vicinity of the apical brush border (fig. [4a](#F4){ref-type="fig"}). Rotenone (10 μ*M*) also affected the pattern of uptake of FD, similar to its effects on FA uptake. This suggests that the striking effects of rotenone on FA uptake are probably due to widespread structural changes within the cell that disrupt the uptake machinery, rather than a specific or direct effect on megalin/cubulin receptor-mediated endocytosis.

Rotenone Causes a Greater Increase in ROS Production in OK Cells than Other RC Inhibitors {#sec2_14}
-----------------------------------------------------------------------------------------

We postulated that the effects of rotenone may have been due to excess ROS production, since complex I is a potent site of ROS generation in mitochondria. However, the anti-oxidant Mn (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP − 50 μ*M*) had no effect on the pattern of FA uptake seen with rotenone (fig. [4a](#F4){ref-type="fig"}).

As a positive control to ensure that 50 μ*M* of MnTBAP was sufficient to prevent any rise in ROS production caused by rotenone, we measured mitochondrial ROS production in OK cells by loading them with the ROS-sensitive dye mitosox, a mitochondrially targeted derivative of hydroethidium. The mitochondrial localisation of the mitosox signal was evident, and the fluorescence signal increased progressively with time; the rate of increase was taken to be proportional to the rate of ROS production. Rotenone (10 μ*M*) caused a significant increase in the rate of change of mitosox signal (rate after rotenone = 282 ± 21% of the control rate, n = 163 cells, p \< 0.001) (fig. [4b](#F4){ref-type="fig"}). This was prevented by 50 μ*M* MnTBAP (rate post rotenone and MnTBAP 103 ± 16% of the control rate, n = 225 cells). Thus, 50 μ*M* of MnTBAP completely prevents the increase in ROS production seen in response to rotenone, but does not alter the effect of rotenone on intracellular FA distribution, suggesting that the effects of rotenone on the pattern of FA uptake in OK cells were not mediated by ROS. The rate of change of mitosox signal was not significantly increased by piericidin (10 μ*M*) (99 ± 4% of the control rate, n = 218 cells, p \> 0.9), another RC complex I inhibitor, implying that rotenone-induced ROS production depends on the site of action of this drug at complex I. The rate of change in mitosox signal was significantly decreased by cyanide (1 m*M*) (57 ± 5% of control rate, n = 140 cells, p \< 0.001), indicating that blockade of RC at complex IV lowers the rate of ROS production in OK cells.

Rotenone Has Toxic Structural Effects in OK Cells due to Inhibition of Microtubule Proliferation {#sec2_15}
------------------------------------------------------------------------------------------------

Since neither methyl-succinate nor MnTBAP prevented the effects of rotenone on the pattern of FA endocytosis, and the RC inhibitors piericidin and cyanide did not produce the same changes as rotenone, we wondered if the effect of rotenone on endocytosis was extra-mitochondrial. There are published data suggesting that rotenone can depolymerise microtubules \[[@B27],[@B28],[@B29]\], in addition to its effects on the RC. Colchicine is an established inhibitor of microtubule polymerisation. A pattern of FA uptake similar to that observed with rotenone was seen in response to colchicine (10 μ*M*); furthermore, co-incubation with the microtubule-stabilising agent taxol (10 μ*M*) with rotenone (10 μ*M*) produced a pattern of FA uptake similar to control (fig. [4c](#F4){ref-type="fig"}). These results suggest that the effects of rotenone on the pattern of FA uptake in OK cells are due to inhibition of microtubule polymerisation.

The structural effects of rotenone on OK cells were investigated further by electron microscopy. Control images showed that OK cells form a confluent polarised monolayer in culture with an apical brush border (fig. [4d](#F4){ref-type="fig"}), which is clearly visible, but not as well developed as the native PT brush border in vivo. Addition of rotenone (10 μ*M*) caused widespread structural damage, including loss of the brush border and the appearance of numerous large vacuoles, and abnormally shaped and swollen mitochondria.

Discussion {#sec1_4}
==========

Inhibition of the mitochondrial RC in OK cells produced little or no effect on the total uptake of FA, which is perhaps surprising given the seeming vulnerability of the PT to mitochondrial dysfunction in vivo. Several clinical observations support a role for mitochondrial dysfunction in the pathogenesis of the renal Fanconi syndrome: (1) the typical renal presentation of children with mitochondrial cytopathy is Fanconi syndrome \[[@B5],[@B30]\]; (2) drugs known to be toxic to mitochondria (including anti-retroviral therapy) can cause reversible Fanconi syndrome \[[@B31]\]; (3) Fanconi syndrome has been reported in primary biliary cirrhosis, a condition characterized by the presence of anti-mitochondrial antibodies \[[@B32]\]; (4) the toxic metabolites that accumulate in cystinosis \[[@B33]\] and tyrosinaemia \[[@B34]\] (both established causes of Fanconi syndrome) inhibit complex I of the RC in vitro; (5) blockade of the RC inhibits sodium and phosphate transport in isolated rabbit PT \[[@B35]\], and cystine loading (an in vitro model of cystinosis) leads to ATP depletion and impaired fluid reabsorption \[[@B36]\]. However, unlike the native PT, we have shown that OK cells have a significant capacity to generate ATP anaerobically, which probably explains their resistance to RC inhibition.

Immortalised cells in culture tend to become increasingly anaerobic with time \[[@B37]\], as is true of many cancer cells (the Warburg effect \[[@B38]\]). Accordingly, blockade of glycolysis in OK cells produced a larger decrease in cytosolic ATP levels than RC inhibition and also inhibited FA uptake to a greater extent, suggesting that ATP might play an important role in receptor-mediated endocytosis in the PT. A previous study investigating the effects of metabolic inhibitors on fluid-phase endocytosis in OK cells also reported that IAA caused a bigger drop in ATP levels than cyanide, consistent with our findings \[[@B39]\]. IAA is an alkylating agent that interacts with thiol groups on proteins and, therefore, may have effects on enzyme systems other than glycolysis \[[@B40]\]; nevertheless, this does not detract from the finding that RC blockade had only a relatively small effect on ATP concentration.

Previous studies of both renal and non-renal cell lines indicate that a change in cytosolic ATP level can have a significant effect on receptor-mediated endocytosis. The endocytosis and recycling of transferrin and its associated receptor in the MDCK renal cell line, which is more distal nephron-like in its properties, was found to be dependent on ATP levels \[[@B41]\]; furthermore, uptake of radio-labelled transferrin in both K562 and Hela cells can be inhibited by ATP depletion \[[@B42]\]. In the Cos-7 cell line the chloride channel CIC-2 is upregulated at the cell membrane following ATP depletion, which decreases endocytic retrieval of the channel from the plasma membrane \[[@B43]\]. Similarly, in human astrocytoma cells (1321N1), endocytic downregulation of β-adrenergic receptors in response to catecholamines is ATP-dependent \[[@B44]\].

Several intracellular mechanisms involved in the process of endocytosis are thought to require ATP, such as the exchange of free and bound clathrin in clathrin-coated pits \[[@B45]\]. An intact actin cytoskeleton is important for endocytosis \[[@B46]\], and actin polymerisation is ATP dependent (ATP bound to monomeric \[G\] actin undergoes hydrolysis when polymeric \[F\] actin is formed \[[@B47]\]). Trafficking of endocytotic vesicles along microtubules by the motor proteins kinesin and dynein also requires ATP \[[@B48]\]. In addition, for receptor recycling, dissociation of receptor and ligand inside endosomes must occur, a process that requires acidification via an ATP-dependent proton pump and chloride/proton antiporter \[[@B49],[@B50],[@B51]\]. Disruption of this acidification process leads to impaired protein endocytosis \[[@B52]\].

To get around the problem of immortalised cell lines becoming anaerobic, strategies have been adopted to encourage a switch to aerobic metabolism. The methods tried have included shaking culture flasks to increase aeration and lowering culture medium glucose concentration to reduce the drive toward glycolysis \[[@B53]\]. However, it is unclear how successful these approaches are. An alternative manoeuvre is to use primary cell cultures, although freshly isolated PT cells tend to lose their phenotype within a few passages. Direct visualisation of LMWP endocytosis in the PT is now possible in vivo using multi-photon microscopy \[[@B54]\], but this is a technically demanding approach.

To investigate other potential mediators of the effects of RC inhibition on endocytosis (apart from changes in ATP levels), we measured the effects of RC inhibitors on mitochondrial ROS production in OK cells. Inhibiting the RC with piericidin did not lead to a significant increase in ROS production, while cyanide decreased ROS production. An earlier investigation of the effects of cyanide on ROS production in another renal cell line, LLC-MK2, reported an increase in ROS production and oxidative stress \[[@B55]\]. However, cyanide exposure was much longer (4 h) and the dye used to measure ROS (dichlorofluorescein) is not specific to mitochondrial ROS production. This paper also reported a significant decrease in cytosolic ATP levels in response to cyanide, suggesting a much greater dependence of LLC-MK2 cells on aerobic metabolism compared with OK cells. From a metabolic standpoint, LLC-MK2 cells seem a more physiological model of PT cells in vivo. However, they exhibit a limited capacity for albumin endocytosis when compared with OK cells.

In contrast to piericidin, inhibition of complex I with rotenone produced a large increase in ROS production. Differences between rotenone and piericidin in ROS generation at RC complex I have been reported before \[[@B56]\], although both are thought to share a common binding domain with overlapping sites \[[@B57]\], differences in the effects of the two reagents may result from different conformational changes induced in the complex on binding either reagent \[[@B58]\]. Much still remains to be done to elucidate the behaviour of complex I and the mechanisms of ROS generation at this site, particularly in different tissues.

Rotenone had marked structural effects on OK cells, causing widespread cellular damage and leading to an altered pattern of both FA and FD uptake. Rotenone is a much used reagent, both as an experimental inhibitor of complex I of the RC and as a commercial pesticide. It is thought to block the electron flow at the ubiquinone-binding site of complex I, leading to an increased NADH/NAD^+^ ratio at the 'upstream' flavin-binding site, which favours increased ROS production \[[@B59]\]. Another (and less well-known extra-mitochondrial) effect of rotenone is inhibition of microtubule polymerization \[[@B27]\]. The similar effects of rotenone and colchicine on FA uptake in OK cells suggests that rotenone\'s toxicity is due to microtubule inhibition. This is also consistent with the protective effect of the microtubule-stabilising agent taxol. Microtubules are part of the cell cytoskeleton and are important in trafficking ion transport proteins in polarised cells to the appropriate cell membrane \[[@B60]\]. Injection of colchicine in rats causes significant structural abnormalities in the PT on electron microscopy \[[@B61]\], and inhibition of microtubule polymerisation has been reported previously to reduce albumin uptake in OK cells \[[@B46]\].

In summary, in spite of their widespread use as an in vitro cell model of LMWP uptake in the PT, OK cells are very different metabolically from native PT in vivo; although they show avid and consistent endocytosis of albumin, the underlying mechanisms might not accurately model those occurring in vivo. This may be important, because our results suggest that FA uptake in OK cells is ATP-dependent. Moreover, rotenone should be used with caution in cell culture studies of mitochondrial function, since it causes a much greater increase in mitochondrial superoxide production than either piericidin or cyanide, and it has significant extra-mitochondrial effects on microtubule polymerisation.
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![**a** Mechanism and polarity of FITC-albumin uptake in OK cells. OK cells endocytose FITC-albumin progressively over 1 h. **b** Uptake is partly megalin-mediated, as demonstrated by a reduced fluorescence signal after 1 h in the presence of the megalin receptor inhibitor receptor-associated protein (RAP). **c** Experiments performed on OK cells grown on transwell inserts revealed that apical uptake was greater than basolateral uptake. Values given are mean fluorescence (± SE) per ×40 objective field (**a** and **b**: n = 15, **c**: n = 10). \* p \< 0.005.](nep0115-00p9-f01){#F1}

![**a** The effect of RC inhibition on cell death and total FITC-albumin uptake in OK cells. Necrotic cell death in OK cells was measured using a Hoechst/propidium iodide assay. There was no significant increase compared with control in the percentage of dead cells after 2 h of incubation at 37°C with rotenone (10 μ*M*), cyanide (1 m*M*) or 2-DG (5 m*M*). Values given are mean percentage (±SE) of propidium-iodide-positive cells per ×40 objective field (n = 5). **b** Uptake of FITC-albumin in OK cells over 1 h at 37°C was inhibited by a small, but significant, amount by the RC inhibitor piericidin (10 μ*M*). No significant decrease was observed with rotenone (10 μ*M*) or cyanide (1 m*M*). 2-DG (5 m*M*) caused a much larger impairment of FITC-albumin uptake. Values given are mean fluorescence (± SE) per ×40 objective field \[n = 20 for all experiments, except 2-DG (n = 15)\]. \* p \< 0.05, \*\* p \< 0.001.](nep0115-00p9-f02){#F2}

![The effect of RC inhibition on cytosolic ATP levels in OK cells. **a** Rotenone (10 μ*M*) caused an increase in cytosolic TMRM signal, consistent with inhibition of the RC and depolarisation of Δψ~m~. However, IAA (1 m*M*) had a much greater effect on magnesium green (Mg green) signal than rotenone, implying that cytosolic ATP is predominantly derived from anaerobic metabolism in OK cells. Values given are mean nuclear fluorescence signal (± SE) from a total of 154 (TMRM) and 126 (Mg green) cells. To corroborate these findings using a different technique for measuring cytosolic ATP levels, OK cells were transfected with luciferase targeted to the cytosol (Cyt-Luc). Cells emitted a luminescence signal following the addition of luciferin (50 μ*M*), the intensity of which is ATP dependent. **b** A representative trace is depicted, showing that RC inhibition with rotenone (10 μ*M*) produced only a small decrease in signal intensity, while a much larger decrease occurred following blockade of glycolysis with IAA (1 m*M*). **c** Mean normalized values (± SE) (1 = maximum signal after luciferin and 0 = zero counts) from 11 experiments are given. \* p \< 0.01.](nep0115-00p9-f03){#F3}

![**a** The effects of rotenone on the pattern of uptake of FITC-albumin/FITC-dextran, ROS production and cell structure. The control pattern of uptake of FITC-albumin in OK cells was markedly altered by exposure to the RC inhibitor rotenone (10 μ*M*) but was not affected by exposure to another complex I inhibitor, piericidin (10 μ*M*), nor by the complex IV inhibitor cyanide (1 m*M*). The pattern of FITC-albumin uptake observed in the presence of rotenone was not altered by incubation with either the RC complex II substrate methyl-succinate (5 m*M*) (which will bypass inhibition at complex I) or the anti-oxidant MnTBAP (50 μ*M*). Images shown are representative ×63 objective fields of OK cells incubated with FITC-albumin or FITC-dextran at 37°C for 1 h. **b** Mitochondrial ROS production in OK cells was measured using the dye mitosox; the rate of change of fluorescence signal was taken to be proportional to the rate of ROS production. Rotenone (10 μ*M*) caused a significant increase in the rate of ROS production compared with the control. However, this increase was obliterated by the anti-oxidant MnTBAP (50 μ*M*). No significant difference from the control rate of production was observed after addition of piericidin (10 μ*M*), while cyanide (1 m*M*) significantly decreased this rate. Values given are mean rates of change in fluorescence signal per ROI, expressed as a percentage of the control rate (± SE) from 163 cells (rotenone), 225 cells (rotenone + MnTBAP), 218 cells (piericidin) and 140 cells (cyanide). \* p \< 0.001 compared to control. **c** An uptake pattern of FITC-albumin similar to that caused by rotenone was observed in OK cells following exposure to colchicine (10 μ*M*), an inhibitor of microtubule assembly. In cells exposed to rotenone (10 μ*M*), the control pattern of FITC-albumin uptake was restored by the presence of taxol (10 μ*M*), a microtubule-stabilising agent. Representative images are depicted of single OK cells (scale bar = 2 μm) and ×63 objective fields (scale bar = 20 μm) following incubation with FITC-albumin at 37°C for 1 h. Rotenone also caused an abnormal pattern of FITC-dextran uptake, demonstrating that the effects applied to fluid phase as well as receptor-mediated endocytosis. **d** Electron micrographs of OK cells confirm that the cells form a confluent monolayer in culture, with an apical brush border (BB). Following exposure to rotenone (10 μ*M*) for 1 h, extensive structural damage was observed in the cells with loss of the brush border and the appearance of numerous vacuoles (V) and abnormally shaped mitochondria (M).](nep0115-00p9-f04){#F4}
